Adult neurogenesis occurs throughout life in the mammalian hippocampus and is essential for memory and mood control. There is significant interest in identifying ways to promote neurogenesis and ensure maintenance of these hippocampal functions. Previous work with a synthetic small molecule, isoxazole 9 (Isx-9), highlighted its neuronal-differentiating properties in vitro. However, the ability of Isx-9 to drive neurogenesis in vivo or improve hippocampal function was unknown. Here we show that Isx-9 promotes neurogenesis in vivo, enhancing the proliferation and differentiation of hippocampal subgranular zone (SGZ) neuroblasts, and the dendritic arborization of adult-generated dentate gyrus neurons. Isx-9 also improves hippocampal function, enhancing memory in the Morris water maze. Notably, Isx-9 enhances neurogenesis and memory with- Once controversial, it is now accepted that neurons are generated in the hippocampal dentate gyrus (DG) subgranular zone (SGZ) of the mammalian brain throughout life (1, 2). Adult-generated hippocampal granule cell (GC) neurons incorporate into hippocampal circuitry (3, 4) and are implicated in many hippocampal functions, including learning and memory (5) and mood control (6). Therefore, it is of great interest to identify approaches, both physiological (e.g., running) and pharmaceutical (e.g., antidepressants), that preserve or enhance neurogenesis and hippocampal function (6, 7). Such manipulations could be useful in combating the diminished hippocampal neurogenesis and function that occur with aging and in certain pathological situations (8, 9). In nonaged healthy animals, pharmaceutical manipulations enhancing neurogenesis might consist of candidate cognitive enhancers or "smart drugs," since increased neurogenesis improves hippocampal function (10, 11). While several drugs have been found to increase neurogenesis (12, 13), given the variety of situations where neurogenesisincreasing compounds might be employed, a large arsenal of novel candidate compounds will be needed. A promising route for identification of novel neurogenesis-increasing compounds is the screening of highthroughput chemical libraries in stem cell-based assays (14, 15) . Via this route, several small molecules have been reported that increase the number or differentiation of neurons (16 -18 Abbreviations: BBB, blood brain barrier; BrdU, 5-bromo-2-deoxyuridine; DCX, doublecortin; DG, dentate gyrus; FACS, fluorescent activated cell sorting; FC, fear conditioning; GC, granule cell; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; IHC, immunohistochemistry; Isx-9, isoxazole 9 [N-cyclopropyl-5-(thiophen-2-yl)isoxazole-3-carboxamide]; KO, knockout; MS, mass spectrometry; Mef2, myocyte-enhancer family 2; MWM, Morris water maze; NeuN, neuronal nuclei; NSC, neural stem cell; qPCR, quantitative PCR; SGZ, subgranular zone; Tam, tamoxifen; WT, wild type; YFP, yellow fluorescent protein 
Once controversial, it is now accepted that neurons are generated in the hippocampal dentate gyrus (DG) subgranular zone (SGZ) of the mammalian brain throughout life (1, 2) . Adult-generated hippocampal granule cell (GC) neurons incorporate into hippocampal circuitry (3, 4) and are implicated in many hippocampal functions, including learning and memory (5) and mood control (6) . Therefore, it is of great interest to identify approaches, both physiological (e.g., running) and pharmaceutical (e.g., antidepressants), that preserve or enhance neurogenesis and hippocampal function (6, 7) . Such manipulations could be useful in combating the diminished hippocampal neurogenesis and function that occur with aging and in certain pathological situations (8, 9) . In nonaged healthy animals, pharmaceutical manipulations enhancing neurogenesis might consist of candidate cognitive enhancers or "smart drugs," since increased neurogenesis improves hippocampal function (10, 11) . While several drugs have been found to increase neurogenesis (12, 13) , given the variety of situations where neurogenesisincreasing compounds might be employed, a large arsenal of novel candidate compounds will be needed.
A promising route for identification of novel neurogenesis-increasing compounds is the screening of highthroughput chemical libraries in stem cell-based assays (14, 15) . Via this route, several small molecules have been reported that increase the number or differentiation of neurons (16 -18) . Of these, the small molecule isoxazole 9 [Isx-9; N-cyclopropyl-5-(thiophen-2-yl)isoxazole-3-carboxamide] was particularly intriguing (18) . In vitro, Isx-9 robustly induced neuronal differentiation. In addition, Isx-9's effects appeared to involve myocyteenhancer factor 2 (Mef2), a family of transcription factors (19) appreciated in the embryo and early postnatal period as proneuronal and prosurvival factors (20) but never before linked to adult neurogenesis in vivo.
This seminal in vitro work with Isx-9 (18) raised 3 questions that are the focus of this current work. First, does Isx-9 drive adult neurogenesis in vivo as the in vitro data suggest it might? In vivo, cells exist in many stages of adult DG neurogenesis. These stages include neural stem cells (NSCs or Type-1 cells), rapidly proliferating progenitors (Type-2 cells), neuronally committed neuroblasts (Type-3 cells), and surviving, fully differentiated, adult-generated DG neurons. Correct progression through these stages of adult DG neurogenesis depends on the complex environment of the neurogenic niche, which consists of embryonic-generated neurons, astrocytes, and vasculature, among other components. As this niche is largely absent from in vitro preparations, it is critical to assess whether the promising in vitro work with Isx-9 translates to increasing neurogenesis in vivo well. Here we address whether Isx-9 crosses the bloodbrain barrier (BBB) in vivo, how cells in the diverse stages of neurogenesis are influenced by single or repeated systemic injections of Isx-9, and whether gross alterations in hippocampal activity or niche components contribute to Isx-9's effects. Second, does Isx-9 improve hippocampal function? Prior work has shown that pharmacologically induced increases in hippocampal neurogenesis are linked to improvement in hippocampal function (16, 21) . Here we address whether Isx-9 improves learning and memory using two hippocampal-dependent spatial tasks, the Morris water maze (MWM) and fear conditioning (FC). Third, does Isx-9's ability to increase neurogenesis in vivo rely on intrinsic Mef2 signaling in adult-generated neurons as the in vitro data suggest it might? Here we assess whether Mef2 is required to mediate Isx-9's in vivo effects and use inducible transgenic approaches to inducibly delete three brain-enriched Mef2 isoforms (Mef2a/c/d) specifically from NSCs and their progeny. Taken together, our results reveal the potent in vivo effects of Isx-9 on hippocampal neurogenesis and function and define a cell intrinsic pathway on which Isx-9's neurogenesis-promoting effects rely.
MATERIALS AND METHODS

Animals
All experiments in this study were approved by the Institutional Animal Use and Care Committee at the University of Texas Southwestern (UTSW) Medical Center. Mice were housed at UTSW in a vivarium accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and were kept on a 12-h light-dark cycle. Several different strains of mice were used. Adult (8-to 11-wk-old) nestingreen fluorescent protein (GFP) mice (22) Fig. 3E -H). Transgenic mice (Mef2-WT, Mef2a/d-KO, and Mef2a/c/d-KO) were genotyped using PCR for Cre (26) , YFP (27) , Mef2a (M.-S.K., personal communication), Mef2c (24, 25) , and Mef2d (25) .
Drug administration
Mice were given a disubstituted isoxazole, Isx-9, or its vehicle [Veh; (2-hydroxypropyl)-␤-cyclodextrin; Sigma, St. Louis, MO, USA]. As previously reported (18) , Isx-9 was discovered from a NeuroD/GluR2-luciferase in vitro screening of a small molecule library owned by UTSW. After several isoforms of disubstituted isoxazoles were identified, side-chain modification showed that an isoxazole with N-cyclopropyl and 5-thiopen (Isx-9) had fast pharmacokinetics and increased activity in transgenic Nkx2.5-luciferase reporter mice. The Isx-9 used for this present work was synthesized by Omm Scientific (Dallas, TX, USA). For in vivo administration, Isx-9 was prepared as 2 mg/ml of 30% Veh in sterile milliQ-purified H 2 O (Millipore Corp., Billerica, MA, USA). Veh (v/v) or Isx-9 (20 mg/kg) was injected intraperitoneally in 3 different in vivo paradigms to measure different aspects of Isx-9's effects (paradigms are depicted in figures that accompany data). To assess acute (1 d) effects of Isx-9 (see Fig. 1D and Supplemental Fig. S2I ), mice were given a single injection of Veh or Isx-9 and killed 10, 30, or 60 min later for mass spectrometry (MS) or 12 d later for IHC. To assess the effects of repeated (7 d) Isx-9 (see Figs.1C, E, K, L; 2; and 3D and Supplemental Figs. S2A and S3), mice were given a single daily injection (ϳ5 PM) of Veh or Isx-9 for 7 d and killed 1, 12, 30, or 60 d after the last injection. This was used for IHC, locomotion, fluorescentactivated cell sorting (FACS), microarray, quantitative PCR (qPCR), and inducible transgenic analyses. To assess the effects of extended (12 d) Isx-9 on weight and learning and memory (see Fig. 2K and Supplemental Fig. S1 ), mice were given a daily injection of Veh or Isx-9 (ϳ5 PM) and a second injection every other day (ϳ9 AM) for a total of 18 intraperitoneal injections over 12 d.
To label proliferating cells, mice received intraperitoneal 5-bromo-2-deoxyuridine (BrdU; Roche Applied Science, Indianapolis, IN, USA; 150 ml/kg, 10 mg/ml of 0.9% NaCl, pH 7.4; ref. 28) in 1 of 2 injection paradigms. To assess the effect of Isx-9 on survival of proliferating cells, mice received 2 injections of BrdU (6 h apart) 1 d before Veh or Isx-9 and were killed 30 d later (e.g., 37 d post-BrdU; Fig. 1K ). To assess the ability of Isx-9 to influence proliferation and differentiation, other mice received 1 injection of BrdU 1 d after receiving 7 d of daily Veh or Isx-9 and were killed 2 h or 30 d later (Fig. 1L ).
To induce Cre-mediated recombination in transgenic mice (see Fig. 3D 
MS
The concentration of Isx-9 in plasma, hippocampus, or whole-brain tissue was measured via MS (e.g., 16). Mice were perfused via ice-cold 0.1 M PBS, with the nondiluted, exsanguinated blood from the body and brain collected into a citrate buffer (pH 5.0). Plasma was separated from hematocrit by centrifugation. The whole brains (nϭ3) or microdissected hippocampi (nϭ1) were weighed and snap-frozen. Samples were homogenized and run on sonic spray MS to estimate amount of Isx-9 (ng) per weight unit (g tissue or ml plasma).
FACS, microarray, and qPCR
One day after 7 d of Veh or Isx-9 injections, the hippocampi of adult nestin-GFP mice (4 mice/group) were prepared for cell sorting (29) . Briefly, the hippocampi were microdissected and enzymatically digested into a single-cell suspension (29) . Cell sorting was performed using a MoFlo machine (Dako, Carpinteria, CA, USA). GFP-expressing, live cells were separated from GFP-negative, dead cells using standard parameters of forward-and side-scattering (e.g., ref. 30 ). Approximately 8000 live, GFP-expressing cells per group were sorted directly into TriZol (Invitrogen, Carlsbad, CA, USA), with multiple, separate groups of mice being run via FACS.
The RNA was isolated from DNA and proteins using a standard phenol-chlorophorm extraction. The isolated RNA was amplified in a linear fashion to cDNA using 2 rounds of amplification of the MessageAmp II aRNA kit (Ambion, Austin, TX, USA). Amplified cDNA was used for a single microarray analysis (Affymetrix GeneChip Mouse Genome 430 2.0 array; Affymetrix, Santa Clara, CA, USA) using standardized protocols of the U.S. National Institutes of Health Neuroscience Microarray Consortium (Duke University Medical Center, Durham, NC, USA), which included loading via nanodrop and use of GAPDH as an internal control. Data analysis was performed with Partek Genomics Suite (Partek, St. Louis, MO, USA) and Ingenuity software (Ingenuity Systems, Redwood City, CA, USA). When compared with Veh-treated mice, only genes with 2-fold higher or 0.5-fold lower expression were considered significantly up-or down-regulated. Comparative analyses on biofunctions were performed using Ingenuity Pathway Analysis (Ingenuity Systems) using Fisher's exact test to calculate the P values (31) .
With the use of the amplified cDNA from sorted nestin-GFP live cells, qPCR was performed on an ABI Prism 7900 HT detection machine (Applied Biosystems, Foster City, CA, USA) to determine relative expression of Mef2c mRNA. Amplification conditions consisted of 10 min denaturation at 95°C followed by 40 cycles of 95°C denaturation (15 s) and 60°C annealing and elongation. The results were analyzed using SDS2.1.1 software (Applied Biosystems) following the 2 Ϫ⌬⌬CT method and normalized by the expression levels of GAPDH. The 50-l qPCR reactions used the SYBR Green dye system (Applied Biosystems) with 300 nM primers for Mef2c or GAPDH. The sequences of the used primers were as follows: GAPDH, forward TGCCAAGTATGATGACATCAA-GAAG and reverse AGCCCAGGATGCCCTTTAGT; Mef2c, forward GTGCTGTGCGACTGTGAGATT and reverse CGGT-GTACTTGAGCAACACCTT.
IHC
Mice were anesthetized and perfused as described previously (23, 32) . Thirty-micrometer coronal sections spanning the entire hippocampus were collected on a freezing microtome in serial sets of 9 to allow stereological evaluation. Slidemounted IHC was performed, and immunoreactive (ϩ) SGZ cells were quantified (23, 32 For single labeling with primary antibodies against Ki67, BrdU, DCX, and cFos, primary antibody incubation was followed by 60 min in biotin-conjugated secondary antibody, and 60 min in ABC (1:50; Vector Laboratories, Burlingame, CA, USA). For Ki67, BrdU, and cFos, the signal was visualized with DAB/metal concentrate (10ϫ; Thermo Scientific). For DCX, the signal was visualized with Vector SG peroxidase substrate (Vector Laboratories). For GFP, YFP, and endoglin, visualization was performed by incubation with Tyramide-Plus signal amplification (1:50; PerkinElmer, Boston, MA, USA). For DCX and Ki67 double labeling, tissue was incubated with both primary antibodies overnight. For double labeling with BrdU, tissue was incubated with the antibody against NeuN, GFAP, or Ki67 (Thermo Scientific) overnight, followed by anti-mouse Cy2-conjugated antibody, full pretreatment for antigen unmasking (32) , and then incubation with the antiBrdU primary and Cy3-conjugated secondary antibody. For brightfield microscopy, slides were counterstained with fast red (Vector Laboratories). For epifluorescent microscopy, slides were counterstained with DAPI (1:5000; Roche). All slides were dehydrated and coverslipped using DPX (Fluka, Steinheim, Germany).
Cell, dendrite, and vasculature quantification
All cell quantification was performed according to previously published stereological principles (34 (32, 33) . While main figures present data as percentages, the absolute values for all counts are provided in Supplemental Fig. S3C . Unpaired t tests were used for statistical analysis.
Dendritic and somatic analysis of DCX ϩ neurons was performed using the Neurolucida software (MBF Bioscience, Williston, VT, USA) with unbiased systematic random sampling of the visual field (75-m lateral steps; e.g., ref. 36). Eighteen DCX ϩ neurons from both groups (3 neurons/brain) were selected for analysis of the dendritic trees and neuronal soma (ϫ40 objective). Data were analyzed with unpaired t tests.
Estimation of the volume of the endoglin ϩ vascular bed (33) as a fraction of the DG volume was performed with Stereoinvestigator software (MBF Bioscience) using the Cavalieri stereological method. The results were analyzed via unpaired t tests.
Phenotypic analyses
Phenotypic analyses were performed using scanning confocal microscopy with optical sectioning in the Z plane using a Zeiss LSM-510 (Carl Zeiss, Oberkochen, Germany; refs. 28, 37) (38) . Results were analyzed with unpaired t tests.
Open field locomotion
Locomotor activity was collected in 5-min data bins by photocell beams linked to computer data acquisition (San Diego Instruments, San Diego, CA, USA; Supplemental 
MWM and FC
To assess the effects of Isx-9 on learning and memory, 2 tests were used: MWM and FC. For MWM (see Fig. 2K ), at 3 wk after the last injection of Veh or Isx-9, mice (15/group) were trained to find a submerged platform in a pool of opaque water (diameter 150 cm; ref 39). Mice received 4 training trials/d (intertrial interval 30 -45 min) for 10 d. In all trials, mice were allowed to swim until they landed on the platform or 60 s had elapsed. On d 11, a probe test was conducted in the morning with the platform removed from the pool. The swim path, time to platform, time in each quadrant, and total distance were recorded during the training days. Results are presented as means Ϯ se. For the training days, repeated-measure 2-way ANOVA (GraphPad Prism, GraphPad Software, San Diego, CA, USA) with Bonferroni post hoc test was used with treatment as a within-subject factor and time as a between-subject factor. For the probe test, an unpaired t test was used.
For FC (Supplemental Fig. S1D ), 3 wk after the last injection of Veh or Isx-9, mice (15/group) were trained and then tested in contextual and cue FC. For training, mice were placed into FC chambers (Med Associates, St. Albans, VT, USA) for 6 min. Two minutes into the 6-min training session, a tone was presented (80 dB white noise, 30 s), which coterminated with a footshock (0.5 mA, 2 s). The tone-shock pairing was repeated for a total of 3 shocks, with 1 min interval between tone presentations. Twenty-four hours after training, mice were returned to the same context and scored for freezing behavior for 5 min. Forty-eight hours after training, mice were tested for cue conditioning by being placed in a modified environment (vanilla scent, plastic floor over the grid bars, and a triangle roof) for 6 min with the tone presented continuously for the last 3 min and freezing behavior monitored. Scoring of freezing behavior was automatically performed by the Med Associates software using a threshold of 20 arbitrary units and minimum freeze duration of 0.5 s. Data are presented as percentage of total time that freezing behavior was presented and analyzed via unpaired t test.
Field recordings
Acute coronal brain slices and DG GCL recordings were performed as described previously (40) . Briefly, recordings were performed on 400-m brain slices kept at 32°C in artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 2 mM KCl, 2 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2 mM CaCl 2 , 10 mM glucose, and a gas mixture of 95% O 2 and 5% CO 2 . The stimulation (0.1 Hz) in the medial perforant path used a paired-pulse stimulation paradigm (2 stimuli separated by 50 ms). The baseline recording from the dorsal GCL was performed for 20 min. Slices were then perfused for 20 min with 20 M Isx-9 and ACSF prepared as 100 mM stock in DMSO or with DMSO (v/v) as the Veh control, followed by 20 min washout with ACSF. The fEPSP amplitude and slope were measured from the first and second peak with no statistical difference observed. The amplitude and slope values of the drug wash-in and washout were normalized to the baseline values and expressed as percentage of the baseline. Repeated-measure 2-way ANOVA with Bonferroni post hoc test was used.
RESULTS
Isx-9 crosses the BBB and does not have gross adverse health effects
In prior in vitro studies (18) , a chemical compound library screening showed that Isx-9 (Fig. 1A) induced neuronal differentiation in cultured adult hippocampal neural progenitor cells. To assess whether Isx-9 influenced neurogenesis in vivo, we had to first assess whether a systemic (intraperitoneal) injection of Isx-9 crossed into adult brain tissue. MS analysis revealed that intraperitoneal Isx-9 passes the BBB into the brain (Fig.  1B) and even into the hippocampus (e.g., 1332 ng Isx-9/g hippocampal tissue). Isx-9 had a brain tissue half-life of ϳ25 min (Fig. 1B) . Isx-9 was well tolerated, as there was no difference in weight or weight gain vs. Veh after either 7 d (Fig. 1C) or 12 d (Supplemental Fig. S1A ) of injections and no evidence of diminished overall health after Isx-9 in any of the administration paradigms used in this study. 
green). T, U) Proportion of nestin-GFP
ϩ Type-1 (arrows) and Type-2 (arrowheads) cells (T) was also not changed after Isx-9 (U). Scale bars ϭ 100 m (F); 10 m (F, inset; I, Q-T); 50 m (M). *P Ͻ 0.05, **P Ͻ 0.01; unpaired t test.
Isx-9 increases the proliferation of hippocampal neuroblasts and adult neurogenesis
Given the prior work with Isx-9 in vitro (18), we hypothesized that in vivo Isx-9 would predominantly enhance proneuronal differentiation. Specifically, we hypothesized that Isx-9 would not change the number of Ki67 ϩ SGZ progenitors (28) (Fig. 1D) , repeated Isx-9 injections did alter neurogenesis (Fig. 1E-J) . Specifically, Isx-9 transiently increased the number of SGZ Ki67 ϩ cells 1 and 12 d after Isx-9 by ϳ50 and 86% relative to Veh (Fig. 1F-H (Fig. 1J ). These data suggest that Isx-9 increases the proportion of proliferating neuroblasts. To further analyze how Isx-9 affects cells in these early stages of adult neurogenesis, mice received an injection of the thymidine analog BrdU to label dividing cells either before (Fig. 1K) or after (Fig. 1L ) Veh or Isx-9 and were killed 2 h or 30 d later. BrdU ϩ cells were then visualized and counted ( Fig. 1M-P and refs. 44, 45) . While Isx-9 did not change the number of BrdU ϩ cells when BrdU was given before treatment ( Fig. 1O) , Isx-9 increased the number of BrdU ϩ cells 2 h and 30 d later when BrdU was given after treatment (Fig. 1P ). Taken together with Fig. 1J , these data suggest that Isx-9 increases proliferation of SGZ neuroblasts.
While BrdU labels dividing cells, and most surviving BrdU ϩ cells in the adult DG GCL become neurons, a small proportion of them also become astrocytes (46) . Therefore, to assess the phenotype of the surviving BrdU ϩ cells, we used confocal microscopy to determine the colocalization of BrdU ϩ cells with the neuronal protein NeuN, the astrocytic/NSC protein GFAP, and the neuroblast/immature neuron protein DCX (Fig.  1Q-S ). There were almost no BrdU ϩ NeuN ϩ cells 2 h post-BrdU in Veh or Isx-9 treated mice, as expected ( Fig. 1Q and ref. 41) . However, there was a statistically significant increase in proportion of BrdU (Fig. 1R ), in keeping with no obvious change in DG GFAP ϩ cell number (data not shown). Isx-9 also enhanced the proportion of BrdU ϩ DCX ϩ / BrdU ϩ cells 2 h but not 30 d post-BrdU (Fig. 1S) . These results suggest that Isx-9 increases the proliferation of neuronally committed SGZ cells and leads to a subsequent enhancement in the number of adult-generated GCL neurons.
A key facet of the SGZ neurogenesis cellular cascade is the NSC/Type-1 cell, which is the putative source of adult-generated GCL neurons (47) . NSCs rarely or slowly divide, so they are rarely labeled by either Ki67 IHC or an injection of BrdU (48, 49) . Therefore, to assess whether Isx-9 influenced NSCs and to confirm the lack of influence of Isx-9 on Type-2a cells, we exploited the ability of nestin-GFP reporter mice to reveal the number of radial-glial-like Type-1 NSCs and dividing Type-2 progenitors labeled with GFP under control of the intermediate filament nestin (22) . Morphological dissection of GFP ϩ cells into Type-1 and Type-2 GFP ϩ cells via stereology (Fig. 1T ) revealed no change in either cell type number at the 12 d time point (Fig. 1U) . Furthermore, we did not observe any difference between the total number of GFP ϩ cells (Type-1 and Type-2 combined) in the SGZ at multiple time points after Isx-9 or Veh treatment (data not shown). Our findings allowed us to verify our in vitroinspired hypothesis of proneuronal differentiation and notably expand it within the in vivo context: Isx-9 enhances the proliferation of neuroblasts and adult neurogenesis without exhausting the NSC pool.
Isx-9 increases the number of newborn neurons and their dendritic complexity
Based on our in vivo finding that Isx-9 enhanced neuroblast proliferation, we next assessed whether Isx-9 influences the number or maturation of immature adult-born neurons via DCX ϩ cell quantification. There was a transient increase in the total number of SGZ DCX ϩ cells of mice given Isx-9 vs. Veh at the 1, 12, and 30 d time points ( Fig. 2A-C) , with a return to Veh levels by 60 d (Fig. 2D) . Isx-9 also resulted in a greater proportion of DCX ϩ neurons 12 and 30 d post-treatment (Fig. 2E ) but returned to Veh levels by 60 d. During DCX ϩ neuron quantification, we noted a striking qualitative difference in DCX dendrite length in mice given Isx-9 vs. Veh (12 d; Fig. 2B, C, insets) . To quantify this, we performed a detailed analysis of the dendritic trees of DCX ϩ cells 12 d post-treatment ( Fig.  2F-J) . Indeed, Isx-9 increased the total length and area of the dendritic trees of DCX ϩ immature neurons (Fig.  2G) . Isx-9 also increased dendritic complexity, marked by increased branching above the third order of branching (Fig. 2H) , almost doubled the number of branching nodes and ends of branches (Fig. 2I) , and increased soma size (Fig. 2J) . Taken together, Isx-9 increased the number of DCX ϩ neurons and the complexity of their dendritic trees.
Isx-9 improves spatial memory in MWM but has no influence in FC
Since both adult neurogenesis and immature neuron dendritic complexity are linked with hippocampal function (50, 51), we explored the functional effect of the Isx-9-induced increase in neurogenesis and dendritic complexity. We first evaluated the effect of Isx-9 on the MWM, a test that allows assessment of hippocampus-dependent learning and memory (39) . To maximize the response to Isx-9 and to allow the adultgenerated neurons sufficient time to incorporate into hippocampal circuitry (e.g., ref. 4), mice were given 12 d of Isx-9 or Veh and were trained on the MWM 3 wk later (Fig. 2K ). There was no overall effect of Isx-9 on learning during training (Fig. 2L) . However, during the probe test, mice given Isx-9 spent significantly more time in the target quadrant (Fig. 2M) , showing a magnitude of change and pattern of probe results similar to the published literature (52, 53) . The Isx-9-induced enhancement of spatial memory in the MWM was also evident in a second, separate cohort of mice (Supplemental Fig. S1B, C) . A possible explanation for improved water maze performance (and for increased neurogenesis) might be enhanced locomotion (54) . However, mice did not show any change in swim speed (Fig. 2N ) or in locomotion during and after administration of Isx-9 vs. Veh (Supplemental Fig. S2A-C) . In contrast to the Isx-9-induced enhancement of spatial memory in the MWM, Isx-9 did not have any influence on another hippocampal-dependent task, contextual C insets; F) . n.s., not significant (PϾ0.05). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001; unpaired t test.
FC (Supplemental Fig. S1D ), or on its hippocampalindependent component, cue FC (Supplemental Fig.  S1D ).
Isx-9 does not promote hippocampal neurogenesis through common global mechanisms, including cellular activation or altered DG vascularization
To understand the cellular basis of Isx-9-mediated neurogenesis, we considered common global or nonspecific mechanisms known to enhance neurogenesis. First, as noted above, we found no Isx9-induced increase in locomotion or exploration (Supplemental Fig. S2A-C) . Second, while the Isx-9-induced neurogenesis might be indirectly due to increased vascularization (55, 56), we found no difference in the volume of the vascular bed in mice after Isx-9 vs. Veh (Supplemental Fig. S2D-F) . Third, while Isx-9-induced neurogenesis might be due to increased DG excitation (57), we found no difference in hippocampal extracellular field potential after stimulation of the medial perforant path (Supplemental Fig. S2J -L) or expression of immediate early genes (Supplemental Fig. S2G-I ) as markers of polysynaptic neuronal activation (58, 59) . Taken together, these data show that Isx-9 does not up-regulate adult neurogenesis through conventional, globally activating mechanisms.
Isx-9 effects on adult neurogenesis are Mef2-dependent
To gain molecular insight regarding Isx-9's ability to increase memory and neurogenesis in vivo, we used microarray and qPCR to identify Isx-9-induced alterations in gene expression in SGZ progenitors (Fig. 3A) . We used nestin-GFP mice for this endeavor, since Isx-9-induced changes in gene expression in earlier stages of neurogenesis might precede or contribute to Isx-9-induced changes in neurogenesis we see in the later stages of neurogenesis (e.g., Figs. 1J and 2A-J). GFP ϩ cells from nestin-GFP hippocampi were sorted (FACS), and their mRNAs were amplified and subjected to genome-wide Affymetrix gene chip analysis. There were 874 genes with Ն2-fold expression level changes after Isx-9 vs. Veh, and 121 genes with Ն3-fold expression level changes after Isx-9 vs. Veh. Many target genes ( 3B) showed that Isx-9 regulates biofunction pathways involved in cellular growth and development as well as intercellular signaling and movement, which collectively may suggest, among other factors, involvement of transcription factors, such as Mef2. Indeed, closer analysis of the array results showed that Mef2c was up-regulated 2.05-fold in the GFP ϩ cells from mice given Isx-9 vs. Veh. While in vitro studies showed Mef2c up-regulated in response to , this was the first in vivo link among adult neurogenesis, Mef2, and Isx-9.
To further understand this link, we first confirmed the Isx-9-induced increase in Mef2c by qPCR in a new set of hippocampi from nestin-GFP mice (Fig. 3C) . We then set out to determine whether the Isx-9-induced upregulation of neurogenesis involved Mef2 function.
To explore whether Isx-9 requires Mef2c for its ability to increase adult neurogenesis, we had to take into account that the adult DG also expresses other family members, including Mef2a and Mef2d (62, 63) . We used our Tam-sensitive nestin-CreER T2 driver mouse to conditionally and inducibly delete genes flanked by a floxed allele in nestin-expressing NSCs and their progeny. Crossing nestin-CreER T2 mice with R26R-YFP reporter mice (23) . 3G ). We hypothesized that loss of Mef2 expression would prevent the Isx-9-induced increase in number of immature neurons in vivo (Fig. 3D-H) . Interestingly, in Mef2a/d-KO mice, Isx-9 did not increase the number of YFP ϩ neurons (Fig. 3G) or Type-1 NSCs (Fig. 3H) . This suggested that Mef2a and Mef2d are required for the proneuronal actions of Isx-9. Surprisingly, Isx-9 given to Mef2a/c/d-KO mice resulted in significantly fewer YFP ϩ neurons (Fig. 3G ), suggesting that in the absence of Mef2c, Isx-9 is antineurogenic. Moreover, Mef2a/d-KO and Mef2a/c/ d-KO mice had half the number of YFP ϩ SGZ cells (Fig.  3F) and YFP ϩ SGZ neurons (Fig. 3G) relative to Mef2-WT mice but no difference in the number of YFP ϩ NSC Type-1 cells (Fig. 3H) . These effects on YFP ϩ neuron number took place in the absence of any significant effects of Tam on body weight in Veh-or Isx-9-treated mice (Supplemental Fig. S3 ). These results show that Isx-9-induced increase in adult hippocampal neurogenesis requires Mef2 transcription factors in nestin-expressing NSCs and their progeny. However, these results also show that baseline adult hippocampal neurogenesis requires intrinsic intact Mef2 transcription factor signaling (Fig. 4) , highlighting a completely novel role for Mef2 in the brain.
DISCUSSION
Adult neurogenesis is critical for key aspects of hippocampal function, including specific types of learning and memory, the hippocampal-dependent stress response, and mood regulation (e.g., refs. 6, 34, 51, 64, 65). Dysregulated neurogenesis is proposed to contribute to a range of disorders, from disease-or age-induced memory deficits to depression and addiction (e.g., refs. 8, 66 -69). Up-regulating or maintaining adult neurogenesis is expected to improve neurogenesis-dependent brain functions, and studies with transgenic mice show the benefit of enhancing neurogenesis even in normal, nondiseased animals (10). Thus, there is great interest in finding ways to enhance neurogenesis, for example, by physiological stimuli such as running (70) or environmental enrichment (71) . However, such manipulations may not always be easily employed to enhance neurogenesis and hippocampal function in aged or diseased individuals. Thus, for optimal versatility in enhancing neurogenesis in the normal and diseased brain, it would be strategic to also have a wide variety of pharmacological agents at our disposal. ϩ Type-1 cell numbers in any group (H). n.s., not significant (PϾ0.05). *P Ͻ 0.05, **P Ͻ 0.01; paired t test.
Here we used a disubstituted isoxazole, Isx-9, to promote hippocampal neurogenesis in adult mice in vivo. We found that Isx-9 boosts proliferation and differentiation of SGZ neuroblasts and adult neurogenesis in a cell-intrinsic Mef2-dependent manner, which ultimately correlates with improved spatial memory. Thus, in addition to discovering the novel in vivo effects of Isx-9, our studies indicate a completely new molecular pathway governing the production of adult-generated neurons.
Isx-9-induced increase in adult hippocampal neurogenesis
There is a growing number of pharmacological agents in the neurogenesis-enhancing toolkit. In addition to the relatively well-known drugs (e.g., antidepressants, anticonvulsants; refs. 21, 72, 73) , small molecules that promote adult neurogenesis have more recently been discovered via a chemical biology approach. These small molecules have been shown, for example, to increase the number of BrdU ϩ cells and decrease the number of apoptotic cells in the SGZ (16) or decrease SGZ proliferation but increase the number of BrdU ϩ NeuN ϩ cells (17) . While these recent studies were notable in their use of novel small molecules to enhance neurogenesis, in most cases it remains unclear whether these compounds modulate adult neurogenesis via global effects (increasing locomotion, neurovascularization, metabolic capacity; e.g., ref. 74), or how they alter the complex cascade of neurogenesis that occurs in vivo.
We present Isx-9 as a new neurogenesis inducer in the toolkit to enhance adult neurogenesis in vivo. Isx-9 promoted the proliferation of hippocampal neuroblasts, leading to enhanced dendritic complexity of immature neurons and more adult-generated neurons. Isx-9, however, did not change the number of NSCs. This is an important feature, since only an unexpended pool of NSCs ensures continuing adult neurogenesis (32, 75) . This profile of Isx-9-induced alterations in the stages of neurogenesis makes Isx-9 a promising preclinical candidate drug for situations when neuroblasts in neurodegenerative diseases (38, 76) and/or adult-generated neurons are reduced and traditional physiological stimulation of adult neurogenesis fails (77) or may be otherwise untenable or impractical.
A main goal of this work was to identify Isx-9's effect on adult hippocampal neurogenesis in vivo. We found that Isx-9 crossed the BBB and reached the hippocampus. We cannot assume that Isx-9 directly binds to cells in the process of adult hippocampal neurogenesis. However, the data we have collected support the stance that Isx-9 increases (directly or indirectly) neuroblast proliferation, which consequently results in more immature and mature adult-generated DG GCL neurons. This speculation is supported by the vast literature showing the sensitivity of proliferating cells to physiological and pharmacological stimuli (66) . To determine whether Isx-9's effects are mediated primarily via an initial effect on proliferating neuroblasts, future studies might employ ablation strategies (e.g., irradiation) combined with Isx-9 administration. This would allow us to clarify whether Isx-9 in vivo influences later stages of adult neurogenesis, such as survival and maturation of adult-generated neurons, or whether as we hypothesize it merely stimulates proliferation.
Link between Isx-9-induced dendritic arborization and hippocampal-dependent memory
In addition to Isx-9 increasing the number of neuroblasts and consequently adult neurogenesis, Isx-9 also increased the dendritic complexity of immature DCX ϩ neurons. Dendritic complexity is positively correlated with learning and memory (e.g., refs. 50, 78), and immature adult-generated DG GC neurons show unique membrane properties important for hippocampal learning and memory (e.g., ref. 79). Thus, it is possible that the Isx-9-enhanced complexity of the dendritic trees contributes to Isx-9-induced improved MWM memory. Of course, the Isx-9-induced increase in absolute number of adult-generated neurons is also likely to contribute to improved hippocampal-dependent memory (78, 80) . Notably, Isx-9 did not change performance in another hippocampal-dependent test, FC. This dissociation between MWM and FC is common in the neurogenesis literature (e.g., refs. 81-84).
Our data may reflect Isx-9's influence on spatial memory in particular rather than on hippocampaldependent function in general, and warrants further assessment of how other factors, such as stress, may be involved (65) . Our data suggest that the increased neurogenesis seen after Isx-9 is a direct consequence of increased neuroblast proliferation: more dividing cells leads to more surviving cells (Fig. 1P) , and Isx-9 has no obvious effect on survival alone (Fig. 1O) . However, the mechanism of how Isx-9 enhances dendritic complexity remains more speculative. Isx-9 increases proliferation and differentiation, but these effects do not necessarily result in enhanced dendritic complexity unless the increased complexity is only transient and results from accelerated transition from the precursor stage into immature neurons. We think this is unlikely, since we also observed increased dendritic complexity 30 d post-Isx-9 (data not shown). Another possibility is that the Isx-9-induced enhancement of dendritic arborization and improved memory are due to Isx-9-induced up-regulation of Mef2 in putative neuroblasts. Despite prior work showing that Mef2 is important in embryonic neurite outgrowth (85) , in neural plasticity (86) , and in learning and memory (86, 87) , our work is the first to suggest a cell-intrinsic role of Mef2 transcriptional factors in adult neurogenesis-dependent memory. While this cell-intrinsic possibility is supported by our data presented here, it also remains possible that Isx-9 enhances dendritic complexity via an as-yet unidentified cell intrinsic or circuit-level change, and this should be a focus of future work. Their reciprocal relationship is yet to be identified. Adult neurogenesis is a process where NSCs (nestin ϩ type-1 cells) with triangular cell body and tufted process produce transiently amplifying progenitors (nestin ϩ Type-2 and DCX ϩ Type-3 cells), which differentiate into immature DCX ϩ neurons (with short dendrites) that finally mature into DG GC (with long dendrites). Adult-generated hippocampal neurons are thought to contribute to hippocampal function, as represented by the activity trace of a mouse finding a hidden platform in the MWM (circular schematic at right). B) WT Mef2 mice given Isx-9 have increased proliferation of DCX ϩ SGZ progenitors and enhanced differentiation and dendritic arborization of DCX ϩ neurons, but no change in the number of Type-1 or Type-2 nestin ϩ cells. The improved adult hippocampal neurogenesis is linked to improved memory in the MWM, as represented by the more concentrated search pattern for a hidden platform (circular schematic at right). C) We propose that Isx-9 mediates enhanced neurogenesis via Mef2a/d and Mef2c. The absence of Mef2 appears to be antineurogenic, and Isx-9 exacerbates that effect. However, the precise relationship between Mef2 and basal neurogenesis and between the different Mef2 isoforms remains to be thoroughly tested.
Mef-2 plays a key role in adult neurogenesis as shown by Isx-9
Our search for new molecular pathways that control adult mouse SGZ revealed Isx-9-dependent regulation of gene expression networks critical for cell proliferation, development, and movement. From these networks, Mef2 emerged as a prime candidate involved with Isx-9's effects on adult neurogenesis. Mef2 was robustly up-regulated in nestin-expressing stem and progenitor cells by Isx-9 in vivo (data presented here), similar to prior in vitro studies with cultured hippocampal progenitor cells (18) . Mef2 family members are expressed in DG (62) and are known for their roles in the developing nervous system in regulating neurite growth of Tuj1-positive neurons in vitro (85) and embryonic neural stem cell differentiation in vivo (20) . However, prior to our data here, Mef2 had never been assessed for a cell-intrinsic role in adult-generated hippocampal neurons. Here we genetically deleted brain-enriched Mef2 isoforms (Mef2a/c/d) specifically in NSCs and their progeny in vivo and showed that this deletion prevents Isx-9-induced enhancement of adult neurogenesis. These results suggest that Isx-9 acts, at least in part, through increasing Mef2 expression in nestin-expressing cells and their progeny.
We propose that cell-intrinsic Mef2a, Mef2c, and Mef2d are necessary for Isx-9-mediated enhancement of adult neurogenesis (Fig. 4) . When Mef2a and Mef2d are removed from nestin-expressing stem cells and their progeny, the presence of Mef2c is not sufficient to allow the proneurogenic effects of Isx-9. When Mef2c is additionally removed, this is antineurogenic, and Isx-9 exacerbates that effect. It remains unclear whether Mef2c is particularly important in these cells, whether it is the first Mef2 family member to be expressed in most tissues during development (19) , or whether it is just the order in which we deleted the Mef2 family members. Also, it remains unclear where Mef2 is expressed during the stages of adult hippocampal neurogenesis basally; this will be critical to understand in order to fully appreciate the role of Mef2 in adult hippocampal neurogenesis, and to fully interpret the inducible transgenic work we present here. However, the fact that there is no increase in YFP ϩ neurons after Isx-9 in Mef2a/d-KO suggests that Mef2 is critical for neuronal differentiation in the adult hippocampus. In addition, our data with Isx-9 suggest a feed-forward mechanism: changes in Mef2 in cells in earlier stages of neurogenesis likely influence those cells as well as cells in later stages of neurogenesis. However, better comprehension of Mef2's role in adult neurogenesis as well as clarification of Isx-9's binding sites and cellular sites of action are warranted to fully understand and support this model.
Future directions
There are several future directions that emerge from our discovery that Isx-9 promotes memory and increases adult hippocampal neurogenesis in a Mef2-dependent manner. First, as Isx-9 promotes the later stages of adult proliferation and enhances neurogenesis without exhausting the NSC pool, Isx-9 might be useful in conditions when proliferation is reduced but NSCs are still present, such as during disease or aging. However, since neurogenesis is evident in other brain regions, such as the more anterior subventricular zone, and since neurogenesis in these regions could have functional consequences, future studies should clarify if and how Isx-9 alters neurogenesis outside of the SGZ. Second, as Isx-9 also promotes spatial memory without significantly influencing learning, it joins the growing list of agents or manipulations that can promote memory but not learning (88 -90) . Given that there are manipulations that enhance learning but not memory (e.g., running; ref. 75) , future studies on Isx-9's specific binding sites and cellular targets might help expand our understanding of how memory vs. learning is regulated. In addition, even though Isx-9 has no obvious effects on global measures of hippocampal activity or vasculature (Supplemental Fig. S2 ), it also remains to be thoroughly tested whether Isx-9 promotes the proliferation of other cells types, such as astrocytes. Third, Isx-9 promotes neurogenesis in part via upregulation of Mef2 in nestin-expressing NSCs and their progeny. This might suggest specific application of Isx-9 to adult neurogenesis-dependent memory, a type of memory that recently been shown to be linked to the Mef2 molecular cascade (e.g., ref. 91). Finally, while our study focused on Isx-9-induced enhancement of hippocampal neurogenesis and function and its reliance on Mef2, our data show that Isx-9 has a broad effect on genes. When combined with the fact that Isx-9 has positive effects on other cell types and systems (92, 93) , additional work is warranted to clarify whether Isx-9 serves as a proliferation/differentiation agent in many stem-cell driven tissues. In summary, our study illustrates that Isx-9, a neurogenesis-enhancing small molecule, can reveal new cell-intrinsic in vivo modulators and can serve as a platform for development of new pharmacology for adult neurogenesis.
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